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Abstract

Sections

Nanoparticles for the detection and treatment of cancer have suffered
from limited clinical translation. A key problem has been the lack of
understanding of the mechanisms of nanoparticle delivery to solid
tumours. The current delivery mechanism s called the enhanced
permeability and retention effect, which states that nanoparticles
passively enter the tumour through gaps between endothelial cells
and are retained because of poor lymphatic drainage. However,
nanoparticles designed according to the enhanced permeability and
retention effect have limited delivery to solid tumours. An alternative
mechanism proposes that nanoparticles enter the tumour through
active endothelial transport processes, are retained in the tumour due
tointeractions with tumour components and exit the tumour through
lymphatic vessels. This mechanismis called the active transportand
retention principle. In this Review, we explore the contrasting views

of these two mechanisms of nanoparticle delivery to solid tumours,
explaining the underlying biological mechanisms and their effect on
nanoparticle design for cancer applications. Defining the nanoparticle
delivery mechanisms to solid tumoursis crucial to the advancement and
clinical translation of cancer nanomedicines and to determining how
nanoparticles should be engineered for medical use.
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Key points

o Nanoparticles can carry imaging agents and therapeutics for the
detection and treatment of cancer and need to be delivered to
the tumour at a high enough dose to be medically useful.

e The enhanced permeability and retention (EPR) effect states that
nanoparticle delivery to tumours is caused by interendothelial gaps
in the vasculature and dysfunctional lymphatic vessels, and has long
guided the design of cancer nanomedicines.

o Nanoparticles often fail in clinical trials for cancer treatment, likely
due to a lack of mechanistic understanding of the delivery process.

o The EPR effect is insufficient to explain nanoparticle delivery into
solid tumours.

o The active transport and retention principle challenges the EPR
effect, proposing active nanoparticle entry, retention and exit
mechanisms as underlying nanoparticle delivery to solid tumours.

Introduction

Anti-cancer treatments and imaging agents based on small molecules,
antibodies, nucleic acids, proteins and gene editing tools often do not
exhibit ideal pharmacokinetic and pharmacodynamic properties in
their native form. These agents can be toxic, unstable, excreted quickly
or lack disease specificity. To protect healthy tissue from such agents
and optimize their biodistribution to improve tumour delivery, these
agents can be packaged into nanoparticles’.

Nanoparticles are materials on the nanometre length scaleand are
engineered by tuning their physicochemical properties and conjugat-
ing or encapsulating them with functional moieties. This engineering of
nanoparticle carriers beganin the1960s, with the synthesis of spheri-
cal lipid bilayers termed liposomes. At the time, these nanoparticles
had a polydisperse size and could only encapsulate ions and small
molecules®. In contrast to these early nanoparticles, nanoparticles
today can be synthesized with metals, polymers, proteins and other
materials to a precise size'. They can be conjugated with ligands to
target specific cells in the body*° and can encapsulate payloads such
asDNA”?, RNA'*"2 proteins™ ™ and small molecules™'®. Nanoparticles
can be programmed to release their payload in response to different
biological and external stimuli, including pH'>*°, temperature”-** and
electromagnetic fields****. Once the nanoparticle system has been
chemically designed, they are administered into animal models or
human patients, where they circulate throughout the body and accu-
mulate inside the tumour. In the tumour, nanoparticles can generate
imaging signals for cancer detection or release drug payloads for
localized therapy.

The enhanced permeability and retention (EPR) effect has long
served as the mechanism of nanoparticle delivery to tumours. The EPR
effect states that nanoparticles passively enter the tumour through
interendothelialgaps along the blood vessel wall and that dysfunctional
lymphatics within the tumour limit the nanoparticles from exiting? %,
The absence of an exit route causes the nanoparticles to be retained
inside the tumour. The EPR effect suggests that the main nanoparticle
design parameters to consider for tumour delivery are size and circula-
tion time”. Nanoparticles should be designed with sizes smaller than

thesize of interendothelial gaps to accumulate inside the tumour, with
sufficient circulation time for this accumulation to occur.

However, relying onthe EPR effect to guide cancer nanomedicine
design has had limited clinical success. To date, only 15 cancer nano-
medicines have been approved for clinical use globally*’. The large
majority (86%) of cancer nanomedicines fail in phase Ill clinical trials
owingtoalack of therapeutic efficacy’’, and no targeted nanoparticles
for cancer treatmentare currently approved. The poor clinical transla-
tion of cancer nanomedicines has sparked debate about the relevance
of the EPR effect in nanoparticle delivery to tumours™ >,

In this Review, we discuss the mechanisms of nanoparticle deliv-
ery to solid tumours. We explore the history and impact of the EPR
effectand introduce an alternative mechanism, called the active trans-
portand retention (ATR) principle (Fig. 1). We also examine the use of
the ATR principle to guide the engineering of nanoparticles intended
for delivery into solid tumours, highlighting opportunities in cancer
nanomedicine design and questions that remainto be addressed from
amechanistic perspective.

Tumours accumulate macromolecules

and nanoparticles

Itis well documented that macromolecules and nanoparticles accu-
mulate and retain in solid tumours. The earliest reports of this phe-
nomenon date back to the 1900s, when researchers demonstrated
the increased accumulation of colloidal dyes in tumours compared
to healthy tissues®**. Subsequent studies showed that this tumour
accumulation applied to proteins, iron oxide colloids, colloidal car-
bon, radioactive labels and crystalline substances as well** *¢, These
studies were observational and established the propensity of tumours
to accumulate injected particulates. The idea that this phenomenon
could be applied to deliver nanoparticles to tumours for therapeutic
and diagnostic applications did not emerge until the 1980s.

In 1984, the concepts of EPR were first stated together to explain
the preferential accumulation and retention of SMANCS-lipiodolina
tumour® (Fig.1). SMANCS is a protein—polymer conjugate made of the
protein neocarzinostatin (NCS) surface-conjugated to a copolymer of
styrene and maleicacid (SMA). This conjugate hasamassbetween15and
18 kDa and is solublein lipophilic solvents such as lipiodol. SMANCS-
lipiodolwas administeredintothe hepaticartery of liver tumour-bearing
rabbits and after 24 h was found to have a bioactivity of 12.2 and
3.9 pg mlinthe tumour and healthy liver tissue, respectively, indicating
preferential tumour accumulation. After 7 days, SMANCS had abioactiv-
ity of 0.6 and 0.4 pg ml™in the tumour and healthy liver tissue, respec-
tively, indicating preferential tumour retention. This preferred tumour
accumulation was speculated to be caused by the enhanced perme-
ability of angiogenic tumour blood vessels, and the enhanced retention
was caused by dysfunctional lymphatic drainage.

In1986, the concept of enhanced accumulation and retention was
generalized to allmacromolecules® (Fig.1). The macromolecules used
were radiolabelled proteins with masses between15and 70 kDa. When
these macromolecules wereinjected into sarcoma-180 tumour-bearing
mice, they were shown to take 19-68 h to reach a tumour-to-blood
ratio of 5, which provided evidence for the preferential accumulation
and retention of macromolecules in tumours. Colourimetric experi-
ments supported this hypothesis, showing that Evans blue bound to
albumin progressively turned the tumour more blue than control skin
tissue, and that the blue pigment was retained in the tumour for over
3 dayswhereas the control tissue returned toits original pigment over
this same time period. This preferential accumulation and retention
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Fig.1| Timeline of the mechanisms of nanoparticle delivery to solid tumours.
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was postulated to result from the permeable blood vasculature and
dysfunctional lymphatic systeminthe tumour but direct mechanistic
evidence for these claims was not presented. Two studies published
that same year further supported this preferential accumulation and
retention of macromolecules. The first study showed that the vas-
cular permeability of 150 kDa dextran was eight times higher in VX2
tumour-bearingrabbits than in healthy tissue using pharmacokinetic
dataand mathematicalmodelling*®. The second study showed that the
accumulation of dye-bound proteins was sevenfold higher in Walker
256 carcinoma-bearing rats than in healthy tissues using fluorescent
live imaging™®. Therefore, macromolecules were proposed instead of
small molecules for cancer therapy.

In the 1990s, numerous articles were published that used nano-
particles for cancer therapy. Nanoparticles were initially referred to
as polymer colloids and protein aggregates at this time’>', but this
definition has since been expanded to include liposomes, inorganic
colloids, macromolecules and other materials in the nanometre length
scale'. When these nanoparticles were administered to tumour-bearing
animals, they were shown to behave similarly to macromolecules. In
one example, polyethylene glycol (PEG)-conjugated fullerenes were
shown to accumulate more in Meth A fibrosarcoma-bearing mice than
inhealthy skin and muscle and were then retained in the tumour for at
least 2 days™. In another example, PEG-polylactic acid nanoparticles
were shown toaccumulate more in EMT-6 tumour-bearing mice thanin
healthy skin and were thenretained in the tumour for 1week®’. Similar
observations were made with solid lipid nanoparticles when compar-
ing accumulation and retentionin tumours to thosein heart and lung
tissues®*. These studies reaffirm that nanoparticles have enhanced
tumour accumulation and retention compared with healthy tissues.

Followingtheevidence over the past100 years, itis clear that macro-
molecules and nanoparticles preferentially accumulate and retain
in tumours. What remains debated are the fundamental mechanisms
underlying this behaviour. Understanding these mechanismsis crucial
toguiding the engineering of agents for optimal medical use in human
patients with cancer.

EPR effect

The EPR effect was first coined in 1987 (ref. 55), and it was originally
only aphenomenological theory. It took one more decade before the
biological mechanisms that underlie this theory were uncovered.
The EPR effect states that nanoparticles enter the tumour through

gaps between blood vessel endothelial cells and are retained inside
the tumour because the exit route is blocked by dysfunctional lym-
phatic vessels (Fig. 2). Table 1 shows the nanoparticles that exhibit
the EPR effect.

Mechanism of nanoparticle entry into solid tumours

The EPR effect posits that nanoparticles enter the tumour through
gaps between endothelial cells* 2%, This entry mechanism was estab-
lished following a series of publications between 1987 and 1998 (Fig. 1).
Tumour blood vessel permeability was first hypothesized to be caused
by gaps between tumour endothelial cells*®, and this hypothesis was
later tested using 90-nm liposomes®’. These liposomes were shown
to accumulate in the LS174T tumours in mice, and this accumula-
tion was attributed to interendothelial gaps because the liposomes
“cannot be easily engulfed then shuttled by vesicles or move freely
through vesicular channels or vesiculo-vacuolar organelle[s]™". This
liposome accumulation experiment was subsequently repeated with
larger-sized liposomes and multiple tumour types®™*. Liposomes
as large as 380 nm were shown to accumulate in HCal, LS174T, ST-8,
ST-12 and MCalV tumours in mice, whereas liposomes larger than
780 nm were excluded from most tumours. This result suggests that
theinterendothelial gaps were 380-780 nm wide. Circular structures
(presumed to be liposomes) were observed between interendothelial
gaps with electron microscopy, which further supported this entry
mechanism. These studies led to the conclusion that the mechanism
of nanoparticle entry into the tumour was through gaps between
endothelial cells, providing the basis for the ‘enhanced permeability’
part of the EPR effect.

Mechanism of nanoparticle exit from solid tumours

The EPR effect suggests that nanoparticle exit from solid tumours is
lacking®®,impaired®, dysfunctional® or defective® because the lumen
of tumour lymphatic vessels is collapsed and too small to transport
nanoparticles” 2, This mechanism of nanoparticle exit was established
between 1997 and 2002 (Fig. 1). Using mathematical models to calcu-
late the mechanical forces in tumour spheroids®, it was first shown
that cancer cells exhibit mechanical forces large enough to collapse
lymphatic vessels. Inasubsequent experimental study, the lymphatic
tracer ferritin was shown to not label the lymphatics inside murine FSall
tumours wheninjected into the dermis upstream of the tumour®. Since
the ferritin is transported through the lymphatics system and would
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Fig.2| EPR mechanism of nanoparticle delivery. The enhanced permeability
and retention (EPR) mechanism postulates that nanoparticles enter the tumour
through gaps in the tumour blood vessel wall. Once nanoparticles are inside the
tumour, the EPR effect suggests that nanoparticles are unable to exit owing to
the collapse of the tumour lymphatics. The combination of nanoparticle entry
and the absence of exit results in nanoparticle retention inside the tumour.

presumably flow into the tumour lymphatics, the absence of ferritin
inthe tumour was thought to indicate non-functional lymphatics. This
ferritin experiment was thenrepeated with direct injections into B16F10
tumours®®. Immunohistochemistry on these tumours revealed that the
lymphatic vessels appear as linear streaks without an observable lumen,
leading to the conclusion that the vessels were ‘collapsed’. The ferritin
did not colocalize with these tumour lymphatic vessels, leading to the
conclusionthat these vessels are dysfunctional. Although a causative
relationship between vessel collapse and dysfunction was not shown,
and that these studies did not include nanoparticles, these findings
led to the idea that collapsed or compressed lymphatic vessels cause
dysfunctional lymphatic drainage, which blocks the fluid flow and
prevents nanoparticle exit from the tumour??*, This idea provided the
basis for the ‘poor lymphatic drainage’ part of the EPR effect.

Mechanism of nanoparticle retention in solid tumours
According to the EPR effect, nanoparticle retention in solid tumours
results from ‘enhanced permeability’ andimpaired nanoparticle exit>
(Fig. 1). This concept was first proposed in 1986 and was the result of
four key vasculature characteristics: hypervasculature, enhanced
vascular permeability caused by a permeability factor, and minimal
recovery of macromolecules viablood vessels and lymphatics®. These
vascular characteristics are considered to be part of the hallmarks of
cancer®®%, The tumour hypervasculature and enhanced vascular per-
meability enable more nanoparticles to reach and enter the tumour
space, while the lack of recovery (that is, removal of nanoparticles) by
blood vessels and lymphatics limit the nanoparticles fromleaving the
tumour. As nanoparticles enter the tumour and have limited exit, they
would be retained inside the tumour. This mechanism of nanoparticle
retention in solid tumours became the ‘enhanced retention’ portion
of the EPR effect.

Successes and limitations of the EPR effect
Inthelate1990s and early 2000s, the EPR effect and itsimpact on can-
cernanomedicine was highly praised in numerous articles® 7 (Fig. 1).
The EPR effect was described as “a universal phenomenon in most
solid tumours”” and “a universal gateway for the selective delivery
of macromolecular anticancer medicines™’. The EPR effect provided
justification to develop nanoparticles for better cancer therapeu-
tics or detection, which was leveraged by academia and industry. In
academia, the US National Cancer Institute established the Alliance
for Nanotechnology in Cancer programme in 2004, which primar-
ily funded research projects and centres. They collectively received
US$ 165 million in initial funding, US$ 500 million in federal grants,
and over US$ 1.48 billionin private financing over 15 years, and resulted
inover 3,400 publications on nanomedicine for cancer treatment®” 7,
In industry, many start-up companies were established to develop
nanomedicines.In2000, Merrimack Pharmaceuticals was formed and
hasraised over US$ 2 billion in funding to date. They developed numer-
ous cancer nanomedicine candidates, such as the antibody-targeted
liposomes MM-302 and MM-310 (ref. 30).1n 2007, BIND Therapeutics
was formed and raised US$ 914 million during its lifetime. They focused
ondeveloping polymer micelles such as BIND-014, a prostate-specific
membrane antigen-targeting block copolymer nanoparticle containing
docetaxel®’. These efforts by academia and industry resulted in FDA
and/or EMA approvals of numerous nanoparticle cancer therapeutics,
such as the liposome nanoparticle Doxil for breast cancer, ovarian
cancer, and multiple myeloma, and the albumin nanoparticle Abrax-
ane for breast cancer, pancreaticadenocarcinoma, and non-small cell
lung cancer®.

Yet, despite these successes, most nanomedicines struggle to
be approved for clinical use because they lack efficacy in humans.
It has been suggested that one cause of this limited efficacy may be
tumour heterogeneity or variable pathophysiology between tumour
models, animals and human patients”® (Fig.1). Tumour heterogene-
ity and its effect on nanoparticle tumour accumulation have been
describedinseveral studies. For example, nanoparticle accumulation
has been shown to vary as a function of nanoparticle dose and time
post-nanoparticle injection using awhole-mouse imaging technique®.
Nanoparticleaccumulation has alsobeen shown to depend onvariable
blood vessel and macrophage distributions in U87 xenograft mouse
models using a computational modelling approach®. These studies
show that tumour heterogeneity affects nanoparticle tumouraccumu-
lation, but before acomplete description can emerge, tumour hetero-
geneity should be physiologically defined and classified. By defining
and classifying tumour heterogeneity, nanoparticle performance
couldberelated to aspecifictumour physiology, which canbe used to
identify or stratify patients that may benefit fromnanoparticle therapy.
However, defining tumour heterogeneity requires correct delivery
mechanisms because they provide the key parameters for classifying
tumour heterogeneity in the context of nanoparticle delivery.

Nanoparticlesneed to be delivered to tumours to produce athera-
peutic effect in humans. In 2016, we conducted a meta-analysis on
nanoparticle designs published between 2005 and 2015 in studies that
report the nanoparticle amount in the tumour at three or more time
points’. We calculated the tumour delivery efficiency of these nano-
particles and found that, although there were more nanoparticles in
tumoursthanin healthy non-reticuloendothelial tissues, only amedian
of 0.7% (roughly 7in1,000) of the injected nanoparticle dose was deliv-
ered to tumours across all analysed nanoparticles and tumour models.
Strikingly, this 0.7% median did notincrease significantly between 2005
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and 2015, showing that tumour delivery was not improving over time
despite new nanoparticle designs. Repeating this analysis for individual
nanomaterial types or tumour models resulted in the same trend.
A recent analysis using a physiological-based modelling approach
arrived at a similar conclusion, showing that a median of 0.76% and
0.35% of the injected dose of different nanoparticle designs was deliv-
ered to the tumour at 24 and 168 h post-administration, respectively®*.
The downstream consequence of a 0.7% delivery efficiency is that an
evensmaller amount of nanoparticles are available to cancer cells. For
example, only 0.0014% of injected gold nanoparticles are delivered
to SKOV3 cancer cells in mice® (Fig. 1), indicating that they do not
accumulate in tumours or cancer cells at high concentrations. These
studies suggest that mechanismsinaddition or alternative to the EPR
effect must be investigated and leveraged.

ATR principle

Theactivetransportand retention (ATR) principle was proposed in 2023
based on our studies and previous investigations by other researchers®.
The ATR principle states that nanoparticles enter the tumour through
active processes involving endothelial cells, are retained due to interac-
tions withtumour cellular and acellular components, and exit through
the lymphatics within and around the tumour (Fig. 3 and Table 1).

Mechanism of nanoparticle entry into solid tumours

The ATR principle suggests that the dominant mechanism of nano-
particle entry into solid tumours is through an active transport pro-
cess. Active processes require energy input (from cells) to transfer
nanoparticles from the blood vessel into the tumour. These active
processes require the structure of the endothelial cell to change
upon spending energy and include mechanisms such as transcytosis,
vesiculo-vacuolar organelles and migrating cell effects. Transcytosis

pathways include multiple mechanisms, such as phagocytosis, macro-
pinocytosis, caveolar-mediated and clathrin-mediated endocytosis,
and caveolar-independent and clathrin-independent mechanisms®’.

Evidence for active transport being the dominant entry mecha-
nismwas developedinastudy investigating the entry of 15-nm, 50-nm
and100-nm gold nanoparticles into tumours® (Fig.1). Using amouse
model named Zombie, the passive transport of nanoparticles into
tumours was shown to only account for 3-25% of tumour accumula-
tion depending on the nanoparticle design. Electron microscopy and
mathematical modelling corroborated this conclusion, revealing that
the gap density of 500 mm™ could only explain 2.5% of nanoparticle
accumulation. Importantly, the blood vasculature in patient-derived
human tumours did not have gaps between endothelial cells, suggest-
ing thatactive processes likely mediate nanoparticle accumulationin
humans. Gold nanoparticles were found within the vesicles of blood
endothelial cells,implying that transcytosis mechanisms are the domi-
nantactive transport pathway for nanoparticles. Using transcriptom-
ics, itwas further shown that nanoparticle transcytosis is mediated by
asubset of tumour endothelial cells, termed “nanoparticle transport
endothelial cells”®.

Inadditionto gold nanoparticles, this transcytosis mechanism has
been shown for numerous nanoparticle designs. Cationic liposomes
(non-PEGylated) 70-nm in size undergo transcytosis in RIP-Tag2
mouse models’®, and 50-nm colloidal carbon undergoes transcytosis
in guinea pig subcutaneous cholangiocarcinomas, Lewis lung and
TA3/Sttumoursinmice®. Theclinicallyapproved formulation Abraxane,
which hasasize range 0f10-130 nm, enters the tumour via transcytosis
using the gp60 receptor®.

Transcytosis is not the only active process to transport nano-
particles. Vesiculo-vacuolar organelles can also transport gold
nanoparticle-conjugated albumin and 65-nm liposome-silica hybrid

Table 1| Evidence of the EPR effect and ATR principle

Delivery Transport Biological mechanism Applicable nanoparticles Refs.
mechanism process
EPR Entry Gaps Liposomes 59
Exit Dysfunctional lymphatics® No data No data
Retention Conjecture® No data No data
ATR Entry Transcytosis Gold nanoparticles, colloidal carbon, cationic liposomes, abraxane 88,90-92
Vesiculo-vacuolar organelle Gold nanoparticles, lipid-coated silica nanoparticles 93,94
Migrating cell effect Liposomes 96
Exit Intratumoural lymphatics Gold nanoparticles, silica nanoparticles, liposomes, poly(amidoamine) 86,100
dendrimers
Peritumoural lymphatics Gold nanoparticles, silica nanoparticles, liposomes 86
Lymphatics unspecified Quantum dots, single-walled carbon nanotubes, Tc99m colloids, 97-99,101-103
poly(amidoamine) dendrimers, PDPA-TMR polymeric micelles, liposomes
Blood vessel Gold nanoparticles 86
Retention Cellular Silica nanoparticles, polystyrene nanoparticles, gold nanoparticles, 85,86,105-107
polymeric micelles, PLGA nanoparticles
Acellular® Gold nanoparticles, polystyrene nanoparticles 85,86,119,121

Nanoparticles are only included when direct evidence is presented for a given mechanism, for example, electron microscopy imaging to show nanoparticles transporting through
interendothelial gaps or fluorescence imaging of nanoparticle co-localization with a transcytosis marker. Nanoparticles that are engineered to induce a particular mechanism are excluded.
Macromolecules, such as dextran, are excluded because they are not traditionally considered nanoparticles. EPR, enhanced permeability and retention; ATR, active transport and retention;
PDPA-TMR, poly(ethylene oxide)-b-poly[2-(diisopropylamino)ethyl methacrylate-co-2-aminoethyl methacrylate hydrochloride]-tetramethyl rhodamine; PLGA, poly(lactic-co-glycolic acid).
2Studies on dysfunctional lymphatics did not use nanoparticles. "Enhanced retention was conjectured to be a result of increased nanoparticle tumour entry and limited nanoparticle exit;
direct evidence was not presented for nanoparticles. °Acellular mechanisms of nanoparticle retention include ex vivo matrix scaffolds.
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Fig.3| ATR mechanism of nanoparticle delivery. The active transport and
retention (ATR) mechanism of nanoparticle delivery states that nanoparticles
enter the tumour through both active and passive transport mechanisms. Active
transport mechanisms include transcytosis mediated by nanoparticle transport
endothelial cells, vesicle-vacuolar organelles and migrating cells. These active
transport mechanisms are dominant over passive transport, which includes
gaps and fenestrations. After entering the tumour, nanoparticles are retained
owingtointeractions with tumour cellular and acellular components. These
tumour components sequester nanoparticles, thus slowing their transport from
the entry site to the exit site. Nanoparticles exit the tumour via intratumoural or
peritumoural lymphatics. Nanoparticles reach the peritumoural lymphatics by
transporting out of the tumour at the tumour margin and accumulating in the
tissues surrounding the tumour.

nanoparticles into the tumour®?*, In addition, migrating tumour
cellsand neutrophils create pores in the blood vessel wall for dextrans
and 100-nm liposomes, respectively, to enter the tumour®?¢, These
active transport processes appear to be the dominant mechanisms of
nanoparticle entry into the tumour.

Mechanism of nanoparticle exit from solid tumours

The ATR principle suggests that the dominant mechanism of nano-
particle exit out of solid tumours is through lymphatic vessels inside
(intratumoural) and surrounding the tumour (peritumoural). Evidence
for this mechanism was developed in a study investigating the exit of
15-nm, 50-nm and 100-nm gold nanoparticles, 100-nm liposomes, and
100-nm silica nanoparticles from B16F10, 4T1 and MMTV-PyVT solid
tumours® (Fig.1). It was shown that 45% of the total accumulated amount
of15-nmgold nanoparticles exit the tumour after 5 days. High-resolution
electronmicroscopy revealed that lymphatic vessels in the tumour are
not collapsed and have lumen sizes larger than 286 nm, which is wide
enough for nanoparticle transport. Using three-dimensional imaging,
histology and electron microscopy, the nanoparticles were shown to
exit the tumour via the intratumoural and peritumoural lymphatics.
Nanoparticles reach the peritumoural lymphatics by transporting out
of the tumour margin and accumulating in the tissues surrounding
the tumour, where they are drained by the peritumoural lymphatics.

The dominant lymphatic exit mechanismis dependent on nanoparticle
size.Nanoparticleslargerthan 30 nm predominantly exit the tumour via
theintratumoural lymphatics, whereas smaller nanoparticles predomi-
nantly exit via the peritumoural lymphatics. Nanoparticles also exit the
tumour through blood vessels but this pathway is aminor contributor
compared withthe lymphatics. Mathematical modelling suggests that
the lymphatics remove 6.4% of the injected dose per gram of 15-nm
nanoparticles, whereas the blood vasculature only removes 0.3% of the
injected dose per gram over 5 days following an intravenous nanopar-
ticleinjection. Whole-mouse imaging further showed that 15-nm gold
nanoparticles,100-nmsilicananoparticles and 100-nm liposomes are
transported through the lymphatic system after exiting the tumour.
The lymphatic system consists of multiple lymph nodes and collect-
ing lymphatic vessels, which connect with the blood vasculature at
the thoracic duct or right lymphatic trunks. Gold, silica and liposome
nanoparticles transit through the thoracic duct, re-enter the blood
vasculature and are re-circulated throughout the body.

This lymphatic exit mechanism may apply to other nanomateri-
als. For example, quantum dots accumulate in the tumour draining
lymph nodes after a direct injection into mouse tumours®. Similarly,
radioactive Tc99m nanocolloids accumulate in the lymph nodes in
human patients with breast cancer®®. Here, quantum dots and nano-
colloids were used to determine the lymphatic drainage basin of the
tumour to identify the sentinel lymph nodes for surgical resection.
Moreover, polymeric nanomaterials and carbon nanotubes accumu-
late in the lymphatics after direct injection into mouse tumours®’ 1%,
These observations support the mechanism of nanoparticle exit via
lymphatic mechanisms.

Mechanism of nanoparticle retention in solid tumours

The ATR principle posits that nanoparticles are retained inside the
tumour because of their interactions with cellular and acellular com-
ponents. Theseinteractions trap the nanoparticles inside the tumour
(forexample, cellular uptake or non-specific binding) as they transport
fromthe entry site to the exit site. Early reports of this trapping effect
were made at the beginning of the twentieth century. For example, dyes
such as Evans blue and trypan blue were shown to localize at tumour
edges andinside stromal cells, suggesting that retention may be caused
by binding to or uptake by tumour cells*”'°*. Congo red and sodium
iodine localize in the necrotic regions of tumours, suggesting that
they bind to acellular tumour components®. Therefore, retention of
injected particulates may result from binding to cellular and acellular
tumour components.

Multiple cell types trap nanoparticles inside the tumour, such as
tumour-associated macrophages (TAMs), lymphocytes, monocytes
and cancer cells'**'°°, TAMs are considered to be the largest contributor,
withonestudy reporting TAMs to account for over 80% of 500-nm silica
nanoparticle uptake after 4 days in OVCARS tumour-bearing mice'”’
and another study reporting 85% of 55-nm gold nanoparticle uptake
in SKOV3 tumour-bearing mice®. The amount of nanoparticles that
TAMs sequester depends on the physicochemical properties of the
nanoparticles®>'°*°719: 50 nm appears to be the optimal size for TAM
uptake of gold nanoparticles'®, and increasing PEG density on gold
nanoparticle surfaces from 0.16 to 0.80 molecules per squared nano-
metre decreases macrophage sequestration by up to ten times'®, This
sequestration can last for multiple days. TAMs also sequester 500-nm
silica, 398-nm poly(lactic-co-glycolicacid) and 798-nmpolystyrene nano-
particles for over 4 days in ovarian cancer mouse models'””, and B16F10
tumour cells in mice retain 15-nm gold nanoparticles for over 2 days®.
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Nanoparticles can also interact with the acellular components
of a tumour. These components include the tumour matrix, extra-
cellular vesicles, lipoproteins, glycoprotein pools and necrotic cell
debris®*>'°*""° but the most well-reported tumour component regard-
ing interactions with nanoparticles is the tumour matrix. This matrix
includes basement membrane proteins (such as laminin, collagen 1V,
perlecan and nidogen™"""?) and interstitial matrix proteins (notably col-
lagenland I1I'* ™), These proteins are arranged in a charged meshwork
and spaced 20-160 nm apart, depending on the model and measure-
menttechnique™ ", Invitro hydrogel models and intravital microscopy
on tumours revealed that nanoparticles become trapped within this
meshwork as a function of nanoparticle size and charge*'*. For exam-
ple,increasing the size of unmodified polystyrene nanoparticles from
20 nmto100 nmdecreases diffusion displacement by approximately
two times in ex vivo MDA-MB-231 xenograft breast cancer tissue from
mice'”. Polystyrene nanoparticles with surface potentialsabove 7.4 mV
and below -38 mV are immobilized in the tumour matrix as shown in
hydrogel models'. Therefore, tumour matrix components can trap
nanoparticles inside the tumour.

Thus, nanoparticleretentionis caused by the molecular and physi-
cal interactions between nanoparticles and the cellular and acellular
components of a tumour. The amount of nanoparticles retained is
equal to the amount of nanoparticles trapped in each tumour com-
ponent and is also equivalent to the amount of nanoparticles that
entered the tumour subtracted by the amount that exited. However, the
molecularinteractions and kinetics (duration of interaction) between
nanoparticles and the cellular and acellular tumour structure remain
to be investigated to elucidate nanoparticle retention patterns and
behaviourinsolid tumours.

Comparison of the EPR effect and ATR principle
The EPR effect and ATR principle differ in four key parameters: the
description of nanoparticle delivery to solid tumours, the exploita-
tion of tumour biology to improve delivery, the ideal nanoparticle
formulation and, mostimportantly, the scope of the claims. These two
mechanisms are not mutually exclusive, asthe ATR principle suggests
that passive entry mechanisms may occur but have a minor contri-
bution compared to active mechanisms. How these mechanisms are
leveraged for improved nanoparticle delivery varies.

While the EPR effect provides guidance only on passive nanopar-
ticle entry by manipulating tumour blood vessel permeability using
peptides'*'*, photothermal therapy'> ¥ or radioisotope therapy'?*'?,
the ATR principle provides guidance for the entry, exit and reten-
tion processes. For example, nanoparticle entry may be increased
by stimulating the active transport of nanoparticles via transcytosis
or vesiculo-vacuolar organelles™’. Nanoparticle exit may be mini-
mized by reducing tumour lymphatic flow using small molecules and
antibodies, and nanoparticle retention may be controlled using matrix
crosslinking or degrading proteins. The manipulation of the entry,
exitandretention processes provides further opportunities for afiner
control of nanoparticle delivery.

The EPR effect provides distinct rules for the design of an optimal
nanoparticle (that is, a size smaller than interendothelial gaps and
long circulation)®™%, By contrast, the ATR principle suggests that no
ideal nanoparticle exists. The transport process to the diseased target
determines the best design. Nanoparticles with theideal size forentry
may have poor retention, nanoparticles optimized for long circula-
tion time may have poor cellular interaction and these processes may
differ from one tumour to the next. These variabilities in the complex

nano-biointeractions that occur during the delivery journey translate
toalarge nanoparticle design space. Machine learning tools may aid in
designing nanoparticles for transport through varying and dynamic
biological barriers.

As opposed to the EPR effect, which is thought to be applicable
across tumour types and models®®”, the ATR principle is not univer-
sal in scope. The ATR principle was formulated based on different
nanoparticle designs and tumour models, but untested nanoparticles
and tumours may prove to be exceptions. For example, blood ves-
sels in Kaposi sarcomas have micrometre-sized endothelial gaps that
may cause passive entry processes to dominate'*2, Glioblastomas
and haemangioblastomas lack intratumoural lymphatics, which may
improve nanoparticle retention>. Therefore, striving for a univer-
sal theory for cancer nanomedicine is bound to fail. Rather, a collec-
tion of mechanisms such as those proposed in the ATR principle, will
allow nanoparticles to be designed to exploit a particular biological
circumstance.

The ATR principle and the cancer nanomedicine
journey
The journey of nanoparticles through the body in the context of the
ATR principle canbe describedin the following steps (Fig. 4). Following
intravenous administration of nanoparticles, blood proteins adsorb
onto the nanoparticle surface forming a protein corona™**¢, which
impacts its biological trajectory in vivo'”. The protein-coated nano-
particles then circulate and interact with different cells and tissues
on their way to the tumour. Cell-surface receptors may bind to the
protein corona for cellular uptake'*®"**"* with apolipoproteins and
complement proteins playing key roles”. Cell-surface receptors may
also recognize the nanomaterial itself. For example, CD36 mediates
the uptake of lipid micelles and may be involved in the uptake of clini-
cally relevant liposome formulations'°, CD206 mediates the uptake
of mannose-coated nanoparticles', and receptor gp60 mediates the
uptake of albumin particles'*. In addition, non-specific uptake mech-
anisms such as macropinocytosis may drive cellular uptake®. Most
injected nanoparticles are sequestered by the liver and spleen, render-
ing them unavailable for tumour delivery"*™*. Nanoparticles smaller
than 5.5 nm are filtered out of the bloodstream via the kidneys'*.
Nanoparticles that reach the tumour cross the blood endothelium
predominantly viaactive transport processes, including transcytosis,
vesicle-vacuolar organelles, migrating cell effects and other processes
that remain to be discovered®%*°>, Transcytosis is mediated by spe-
cific endothelial cell phenotypes®, and intravasating tumour cells
and extravasating neutrophils create channels enabling nanoparti-
cles to enter the tumour space”?®. A minority of nanoparticles enters
the tumour via passive mechanisms such as gaps. Once the nano-
particles are inside the tumour, they transport through the tumour
microenvironment and interact with cellular and acellular tumour
components. Nanoparticle transport occurs via fluid dynamics'”*** and
cellular-based mechanisms'**'°°, The dominant fluid dynamic transport
mechanismis thoughtto be diffusion because elevated interstitial fluid
pressure reduces fluid convection and thus advective nanoparticle
transport™®, Cellular-based mechanisms involve perivascular TAMs,
whichsequester nanoparticles adjacent to blood vessels and transport
themdeeperinto tumours'®. TAMs may also act as drug depots, poten-
tially releasing nanoparticles over time'. As nanoparticles transport,
they interact with tumour cellular and acellular components, which
may cause their entrapmentinside the tumour, delaying their journey
from tumour blood vessels to lymphatic vessels.
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Fig.4 | The delivery journey of cancer nanomedicine. The journey of
nanoparticles once administered into the body. (1) Nanoparticles are
administered into the blood, where they adsorb blood serum proteins.

(2) Nanoparticles encounter non-tumour tissues, which sequester the
nanoparticles and prevent tumour delivery. In addition to the liver, other
organs, such as the spleen and kidneys, clear nanoparticles from the circulation.
(3) Nanoparticles enter the tumour predominantly via active transport processes
suchas transcytosis (shown). Other mechanisms include vesiculo-vacuolar
organelles and migrating cell effects. Passive transport mechanisms, such as
interendothelial gaps, play aminor role. (4) Nanoparticles are retained inside

the tumour owing to interactions with tumour cells and acellular components.

(5) Nanoparticles exit the tumour predominantly via the lymphatics. Both
lymphatic channels and vesicle-vacuolar organelle mechanisms of exit are
shown. Tumour blood vessels contribute a minor role to nanoparticle exit.

(6) Nanoparticles are transported through the lymphatic circulation, where

they encounter immune cells in the lymphatic vessels and lymph nodes, which
sequester nanoparticles. (7) Nanoparticles are transported back to the blood
circulation via the right lymphatic trunks (shown) or thoracic duct. Nanoparticles
then repeat this cycle (returning to the first step) until they are cleared from
circulation. Nanoparticles, cells and organs are not drawn to scale.

Nanoparticles exit the tumour through intratumoural or peritu-
moural lymphatics: nanoparticles larger than 30 nm exit the tumour
through intratumoural lymphatics, whereas nanoparticles smaller
than 30 nm exit through peritumoural lymphatics®®. Blood vessels
contribute a minor amount to nanoparticle exit compared to the

lymphatics®®. Nanoparticles then travel through the lymphatic sys-
tem, encountering immune cells in the lymph nodes, which may
remove them from lymphatic circulation'**"*'. Subcapsular sinus
macrophages, follicular dendritic cells and B cells play key roles
in sequestering ovalbumin nanoparticles in the lymph node'**°,
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Denderitic cells sequester lipid nanoparticles in the lymph nodes as a
function of nanoparticle size and charge™'. Nanoparticles that escape
the lymphatics re-enter the blood circulation at the thoracic duct or
right lymphatic trunks. The blood circulation transports the nano-
particles to the heart, where they are circulated throughout the body
again®®. Throughout this repeated journey, the number of nanopar-
ticles available for tumour delivery decreases owing to nanoparticle
degradation, elimination, or interactions and sequestration with
off-target organs (for example, liver and spleen). Therefore, the effi-
ciency of nanoparticle delivery to tumoursis a function of the number
of nanoparticles removed from blood circulation by non-tumour cells
and tissues, the amount of nanoparticles that enter the tumour, and
the amount of nanoparticles that exit the tumour. In essence, the
humanbody provides aseries of filter systems that retain, remove or
alter nanoparticle transport.

Outlook

Mechanisms canbe defined as “the fundamental processesinvolvedin
orresponsible foranaction, reaction, or other natural phenomenon”,
Mechanisms are fundamentally important because they inform the
design ofaproduct toachieve the desired outcome, thereby providing
guidelines for technology development. Itis thus crucial to determine

Box 1

the correct mechanisms because a wrong mechanism may lead to
technologies with disappointing results.

Incancer nanomedicine, the mechanism of nanoparticle delivery
guides the design of nanoparticles for the treatment and diagnosis of
cancer. The EPR effect haslong been the predominant mechanism for
nanoparticle tumour delivery, suggesting that nanoparticles smaller
thantheinterendothelial gaps enter the tumour and are subsequently
unable to exit despite pharmacokinetic studies showing that the num-
ber of nanoparticles in the tumour decreases over time®*"*'¢°_Since the
mechanism was considered resolved, nanoparticle design focused on
tumour cell targeting (with antibodies, aptamers and other moieties)
or multifunctionality®*?%'°1°2 Regardless of these diverse designs,
many nanoparticle formulations failed in clinical trials due to the
inability to demonstrate improved therapeutic efficacy. Factors such
astumour heterogeneity and studies on contrived animal models were
thought to play a part in their clinical failures’®, leading resarchers
to explore patient stratification and animal models more representa-
tive of ahuman tumour. But for these solutions to emerge, it remains
key to determine the correct mechanisms of nanoparticle delivery.
These mechanisms will identify elements of tumour physiology for the
stratification of patients and the biological processes that need to be
recapitulatedin animalmodels. Thus, knowledge of the correct delivery

Key research questions of the active transport and retention

principle

The active transport and retention principle aims to capture the
complete interactions of nanoparticles with the tumour environment.
However, key details remain to be determined.

Nanoparticle entry mechanisms

The molecular details of nanoparticle entry into solid tumours remain
to be investigated, including the receptors involved in ‘nanoparticle
transport endothelial cell’-mediated transcytosis, the precise
molecular machinery involved (for example, caveolin or clathrin
and non-receptor-based transport. In addition, the contributions
of different active mechanisms (for example, vesiculo-vacuolar
organelles versus transcytosis) need to be determined as well as
how these change as a function of nanoparticle design. Under-
standing these details will enable the design of nanoparticles
that have improved tumour entry.

169)

Nanoparticle transport mechanisms

A complete picture of how nanoparticles transport through

the tumour microenvironment has yet to be developed. The

fluid dynamic mechanisms that transport nanoparticles in

the presence of functional lymphatics need to be elucidated

as current models do not account for these vessels™"*, It

also remains unclear whether non-macrophage cell types can
transport nanoparticles throughout the tumour. Techniques

could be further developed to liberate nanoparticles from these
migrating cells. Understanding nanoparticle transport mechanisms

may enable a better control of the nanoparticle distribution in
the tumour.

Nanoparticle retention mechanisms

The mechanisms of nanoparticle retention need to be further
explored. In particular, the mechanisms of nanoparticle uptake by
different cells in the tumour to understand whether this process

is specific or non-specific (for example, receptor-mediated or
through macropinocytosis). This understanding would allow the
design of strategies for controlling nanoparticle uptake. In addition,
how nanoparticles interact with non-matrix acellular components
of the tumour should be investigated and compared with the
well-characterized matrix interactions. These studies will inform
the design of nanoparticles that are better retained in the tumour.

Nanoparticle exit mechanisms

The mechanisms of nanoparticle exit need to be further investigated, for
example, to understand why different lymphatics take up nanoparticles
via different mechanisms (for example, intratumoural lymphatics

use channels and peritumoural lymphatics use vesiculo-vacuolar
organelles)®. Moreover, the structural components of the tumour
margin need to be identified as the tumour margin blocks large
nanoparticles while enabling small nanoparticles passage into the
surrounding tissues®. Understanding these key details of the exit
process will enable the development of methods to keep more
nanoparticles inside the tumour.
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Box 2

Grand challenges of nanomedicine

Nanomedicines face several grand challenges that limit clinical
translation irrespective of the target disease.

Nano-bio interactome

The nano-bio interactome can be defined as the set of interactions
between nanoparticles and biological tissues. Biological tissues
other than the disease site interact with nanoparticles, thereby
limiting therapeutic efficacy. For example, nano-blood protein
interactions can define the nanoparticle trajectory in vivo''. A deeper
understanding of nano-blood protein interactions will enable
nanoparticle designs that adsorb a distinct set of blood proteins to
improve disease tissue accumulation while minimizing off-target
accumulation. Developing an atlas of the nano-bio interactome will
further allow the tuning of nanoparticle properties to increase the
nanoparticle dose available for delivery.

The target-to-liver ratio

The target-to-liver ratio can be defined as the amount of nanoparticles
delivered to the target organ divided by the amount delivered to

the liver. Maximizing this ratio is a key challenge for nanomedicines

as the liver is responsible for most off-target sequestration of
nanoparticles'. Understanding the mechanisms of nanoparticle
sequestration in the liver would enable the development of
technigues that limit liver sequestration through distinct nanoparticle
design or by biological manipulation (for example, Kupffer cell

mechanisms will aid in reaching the goal of cancer nanomedicine, that
is, clinical translation.

Nanoparticle size, shape, surface chemistry and other physico-
chemical properties influence their interactions with non-tumour
tissues, blood vessels, the tumour microenvironment and tumour
lymphatics®8688105144145 The ATR principle provides a mechanis-
tic framework for the design of nanoparticles for specific tumour
types and applications. The ATR principle was established using gold,
silica and liposome nanoparticles administered to xenograft, synge-
neic, spontaneous and patient-derived tumour models. However, it still
needs to be further validated and tested across nanoparticle designs
and models. Nanoparticles, such as iron oxides, polymeric micelles,
quantumdots, and viral-like and lipid nanoparticles, may enter, exit and
be retained in the tumour differently and these processes need to be
explored.Inaddition, the ATR principle should be tested for clinically
relevant nanoparticles, such as Doxil, and for nanoparticle formula-
tions that failed clinical trials such as BIND-014 and MM-302. These
studies will reveal the mechanistic reasons for the clinical outcomes
to inform future nanoparticle designs.

Active transport mechanisms have also been investigated for
other platforms; for example, the protein P-selectin has been shown
to induce active transport across the blood-brain barrier, which can
be utilized for brain tumour nanoparticle delivery'®., Active transport
of materials also occurs across endothelial and cancer cells, which
can be exploited to improve the accumulation and distribution of

priming'®). Maximizing the target-to-liver ratio will render more
nanoparticles available for targeted delivery.

Species scaling rules

Different animal models exhibit different physiological (that is,
organ weights) and molecular traits (that is, receptor phenotype
and expression). Rodents are most used in cancer nanomedicine
research but are not the end user. Optimizing a nanoparticle
design in a model organism will likely lead to a species-specific
formulation because model organisms may express distinct sets
of proteins or physiology, which may affect the mechanisms of
nanoparticle distribution. Understanding the molecular and
genetic basis for these mechanisms is thus crucial to determining
whether a nanoparticle formulation works in the same way in
different species.

Patient stratification

Individual patients may respond differently to the same therapeutic
treatment. Separating high responders from low responders remains
a key challenge in developing and applying nanomedicine. Such
differences are ultimately caused by the biological heterogeneity
between patients. Tools that predict how patient biology changes
their response to nanomedicine must be developed. These tools
should be based on biological mechanisms because these relate
the biology to nanoparticle function.

polymer-drug conjugates'**'®>, Interestingly, migrating neutrophils
alsoplayaroleinbreaking the basement membrane, which canenhance
nanoparticle extravasation'®. Furthermore, observations such as
transient ‘bursts’ in vascular permeability’*”'*® should be investigated
to determine their cause and the underlying mechanism (that is, gap
formation or active transport processes).

The future of cancer nanomedicine should focus on designing
nanoparticles for aspecific biology. This focus will require the determi-
nation of finer mechanistic details of the ATR principle and of how these
mechanisms change as a function of the physicochemical properties
of nanoparticles and the tumour model. Many key questions remain,
such as how tumour endothelial cells transport nanoparticles into
the tumour microenvironment and the contribution of convection,
diffusionand cell transport on nanoparticle permeationin the tumour
microenvironment (Box 1). In addition, computational models are
required that relate the biological details of the tumour to the proper-
ties of nanoparticles. Such computational tools can inform chemical
and pharmaceutical nanoparticle design and how to exploit tumour
carrier localization.

Nanoparticles remain the ideal delivery system for therapeutic
and diagnostic agents as they can be engineered with different sizes,
shapes, surface chemistries, payloads and targeting agents with high
reproducibility, whilst being small enough to transport through blood
vessels and access diverse tissues and organs of the body. The principles
learned from the interactions of nanoparticles with tumours can also
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be adapted to design nanoparticles for other diseases (for example,
cystic fibrosis and diabetes) (Box 2). Elucidating nano-bio interactions
and organizing these datainto principles, mathematical equations and
correlations will resultinamaster blueprint that can guide nanoparticle
design for avariety of applications.
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